[9]-[13],
CPAL devices
unidirectional reflectionless channel biased at the exceptional point [22] .
In the Letter, we will propose new types of electromagnetic medium formed by PTsymmetric metasurfaces operating at the CPAL point. This system is composed of a pair of active and passive metasurfaces, with the spatial dependence of surface impedance given by While scattering from PT-symmetric metasurfaces has been studied for different purposes, wave propagation and leakage in a PT-synthetic metachannel sketched in Fig. 1 (a) (e.g., when excited by a waveguide port or point source) is yet to be explored. Understanding waveguiding characteristics and effective medium properties of a PT-synthetic metachannel may bring out new physical phenomena and applications underlying them. In the following, we will demonstrate that such a low-profile and relatively unsophisticated metachannel can exhibit extreme effective dielectric properties, such as epsilon-near-zero (ENZ), existing in a dispersive medium [6] , [7] or waveguide operating at its cutoff frequency [23] , [24] . More interestingly, by varying the dimensionless gain-loss parameter or non-Hermiticity, / R ( / is the impedance of the background medium), the propagation constant of the guided transverse electric (TE) mode can be continuously tuned from zero to the background wavenumber ). Unlike conventional ENZ and low-index media, the calculated
related to the power attenuation rate or path loss could be vanishingly small. As a result, the almost undamped fast wave propagating in the PT-synthetic metachannel will produce coherent radiation leakage and form a superdirective radiation pattern, owning to an uniform and large radiating aperture. Additionally, by adjusting the gain-loss parameter ( ), the radiating angle can be reconfigured to any direction between broadside and end-fire.
In order to understand singularities in PT-symmetric metasurfaces, we first consider scattering of the TE-polarized plane wave from this composite structure [see Fig. 1(b) ], which can be described by the two-port transmission-line network (TLN) in the inset of Fig. 1(b We find that at the CPAL point, which exists when 1/ 2 cos and / 2 = , the two eigenvalues are zero and infinity.
The exceptional point is also observed in Fig. 1(c) . The two eigenvalues coalesce at this branch point singularity, dividing the system into the exact symmetry phase with unimodular eigenvalues and the broken symmetry phases with non-unimodular ones [10] . The CPAL point occurs in the broken symmetry phase, as is in most PT optical systems.
Next, we will discuss the use of PT-symmetric metasurfaces as a guided propagation channel and will show that the CPAL point found in scattering events can shed light on tailoring effective medium properties of a PT-synthetic metachannel. The eigenmodal solutions of a PTsynthetic metachannel can be derived from the transverse-resonance relation that considers an equivalent TLN model similar to that used for the scattering event [the inset of Fig. 1 
When the CPAL condition is met (i.e., 1/ 2 cos and / 2 = ), solving Eq. (1) leads to a purely real propagation constant given by sin . Interestingly, the seemingly unrelated scattering and guided propagation problems can be correlated at the singular point. In the scattering event [ Fig. 1(b) ], the laser mode of CPAL action is achieved when (although Z and ky are defined differently), if the system is locked at the CPAL point, the longitudinal propagation constant, , is identical to the tangential wavenumber in the scattering event, sin . We note further that a PT-synthetic metachannel locked at the CPAL point exhibits a fast-wave propagation behavior (i.e., ) and, thus, has a low effective permittivity given by 2 / sin .
eff Fast waves propagating in the unbounded PT channel corresponds to the leaky-wave mode induce 1 sin ( ). More interestingly, the gain-loss parameter governs the radiation direction, analogous to how it controls the CPAL action at a certain angle of incidence, , in the scattering event. We first consider a metachannel composed of PT-symmetric metasurfaces with 1/ 2 = and height of one-quarter wavelength, which makes a CPA-laser for normally-incident waves at frequency f0. Based on the above discussions, when a PTsynthetic metachannel is excited by a waveguide port at f0, one can expect that 0 and, thus, an ENZ medium with infinite phase velocity is achieved. results in a highly directive broadside radiation, as can be seen in Fig. 2(a) . In the far (Fraunhofer) zone, the directivity of 2-D radiative apertures can be defined quantitively as the ratio of the maximum radiation intensity of the main lobe ( max U ) to the average radiation intensity over all space [28]:
where rad P is the total radiated power. We also analyze radiation from an electric line source (
located at the center of the PT-synthetic metachannel, as schematically shown in Fig. 3 (a). here, the operating frequency has an 1% offset from the CPAL point. The electric field in the far zone can be obtained as an inverse Fourier transform [28]:
where z E is the spectral electric field on the metasurface. From Fig. 3(b) , we find that the agreement between analytical (lines) and numerical (dots) results is excellent, and that radiation from the line source can be reshaped into a directive beam and can be steered towards a specific direction in the far field. The beam angle that depends on the gain-loss parameter can be continuously tuned from broadside towards end-fire direction, as can be seen in Figs. 3 In conclusion, we have proposed the concept of a PT-synthetic metachannel exhibiting zero or low effective permittivity, for which the CPAL point offers a comprehensive guidance on tailoring the extreme effective permittivity. When this metachannel locked at the CPAL point is fed by a waveguide port or line source, the leaky-wave mode can couple the guided fast wave into the background medium, resulting in a highly directive radiation leakage. Additionally, the beam can be steered from broadside towards end-fire direction by controlling the gain-loss parameter. We envision that the proposed active component may be applied to many applications of interest in different electromagnetic spectra, including the high-directivity antenna or emitter with tunable radiating angles, as well as low-attenuation ENZ or low-index media. 
S1. Coherent perfect absorber-laser using PT-symmetric metasurface
Consider scattering of a plane wave (wave vector
metasurfaces, the elements of the scattering matrix can be calculated using the two-port transmission-line network (TLN) model in Fig. 1(b) . The background medium has a characteristic impedance Z, and the two shunt surface resistances are separated by a portion of transmission line with a characteristic impedance Z and an electrical length 
The validity of PT-symmetry imposes a generalized conservation relation on the scattering matrix:
, [2] , where the parity operator 0 1 , 1 0 the timereversal operator 0 1 , 1 0 and is the complex conjugation operator.
A condition of special interest resides in the exceptional point, when 1/ (2cos ), the unidirectional reflectionless propagation can be achieved. In addition to this branch point singularity, the CPAL action is achieved when 1/ ( 2 cos ) and / 2. Electric fields on bottom ( ) and top (+) sides can be decomposed into forward (f)-and backward (b)-propagating waves, whose relations can be described by the transfer matrix M as: . )
The dispersion equation can also be solved by using the transverse resonance technique [4] , which employs a transmission-line model of the transverse cross section of a waveguiding structure. Eigenmodes are obtained in a resonant line, if the sum of the input impedances seen looking to either size of an arbitrary point y is zero, namely:
To find the eigenmodes for the TE mode, the equivalent transverse resonance circuit shown in the inset of Fig. 1(b) S3. Radiation from a PT-synthetic channel under excitation of a waveguide port Figure S1 . PT-synthetic metachannel geometry and far-field approximations.
The electric surface current density on a metasurface is induced by discontinuity of magnetic fields. For the PT-symmetric metasurface channel sketched in Fig. S1 , surface current densities are given by: In the far-field (Fraunhofer) region, the electric and magnetic fields due to s J is given by
S4. Radiation from a PT-synthetic channels under excitation of an electric line source
The structure considered here is PT-symmetric metasurfaces excited by an electric line source along z with a time-harmonic dependence, embedded in the middle of the PT-symmetric metasurfaces, as sketched in Fig. 3(a) . The transverse-equivalent network [6] - [9] as in Fig. S2 can be used to model such an antenna. The electric field in the background produced by a unit amplitude electric line source can be represented as an inverse Fourier transform, 
Similarly, the spectral electric field at the background-passive metasurface interface is: Figure S2 . Transmission-line network model for the PT metachannel excited by a line source. The TLN model can be used for determination of fields radiated by a source through an application of the reciprocity theorem. In this case, The far-zone electric field can readily be obtained through an asymptotic evaluation of Eq. S12 for large distances from the origin (i.e., d ) [8] - [9] . The result for the upper half-plane is given by:
( )
